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1 INTRODUCTION
Identifying systematic physical differences in the de-
velopment of cyclones with ordinary and explosive
deepening rates -- the latter nicknamed "bombs" -
has been the focus of much research activity in the
past decade. It has generally been concluded that
no process is by itself sufficient for explosive cyclone
development, rather the synergy of several physical
processes leads to cases of rapid development (Ue-
cellini et al. 1987).
Our ability to make a diagnosis and prognosis of
the essential physics is limited by our ability to make
high quality observations of the necessary parame-
ters. The majority of explosively deepening cyclones
occur in marine environments (Roebber 1989), re-
gions where meteorological observations are sparse.
For this reason, much interest has recently been de-
voted to identifying "signatures" of rapid cyeloge-
nesis in images obtained by satellite instruments.
Success in discovering explosive cyclone signatures
would have tremendous value as a nowcasting tool.
One proposed approach has been to look at re-
gions of upper level divergence using cloud drift
winds (Ellrod 1986) observed by infrared or visible
waveband instruments. The difficulty in applying
this method is that high level clouds can obscure
important information at slightly lower levels.
A different method involves using images of
upper-tropospheric warm anomalies observed by a
microwave sounder (e.g. MSU) in conjunction with
models, analysis tools, and other observations to
identify the existence of favorable conditions for in-
tense cyclone development (Velden 1992).
A final approach is to examine various moisture
parameters observed by satellite instruments. Mi-
crowave instruments such as the Special Sensor Mi-
crowave/Imager (SSM/I) have the ability to give
vertically integrated moisture information even in
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the presence of dense cloud cover. Recent research
has focused on the comparison of water vapor fields
in rapid and non-rapid cases of cyclogenesis (Mc-
Murdie 1989).
With the emergence of reasonably robust, phys-
ically based rain rate algorithms designed for the
SSM/I, a unique opportunity exists to directly ob-
serve a physical component which can contribute to
or be a signature of cyclone deepening (latent heat
release). The emphasis of the research in this paper
is to seek systematic differences in rain rate observed
by the SSM/I, using the algorithm of Petty (1994),
in cases of explosive and nonexplosive cyclone deep-
ening.
2 METHODOLOGY
The cyclones included in this study occurred in the
extratropical regions of the North Pacific and At-
lantic Oceans during the period from September
1987 through April 1988 and had complete SSM/I
coverage within a 250 km radius of the low center.
The final storm sample consisted of 31 SSM/I over-
passes of 23 intensifying cyclones whose deepening
rates ranged from 3.5 mb/(12 h) to 31.0 mb/(12 h).
Cyclones of all intensity classes were included.
Central pressures and deepening rates of the cho-
sen cases were computed for the time of the SSM/I
overpass using European Centre for Medium-Range
Weather Forecasts (ECMWF) gridded 12 hour anal-
yses. Cyclone central pressures at non-synoptic
times which corresponded to the time of the SSM/I
overpass were computed assuming a constant deep-
ening rate. Cyclone positions were determined sub-
jectively using SSM/I imagery.
The strength of cyclone development had to be de-
fined in a quantitative manner to allow correlation
with SSM/I precipitation observations. The most
frequently used method to characterize cyclone de-
velopment is related to the deepening rate of the cen-
tral pressure at the surface. Sanders and Gyakum
(1980) proposed that a cyclone be classified as a
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Table 1. Correlation of rain volume amount (for
pixels whose rain rate exceeds 7 mm/h) to various
measures of cyclone intensity or intensification.
PARAMETER CORR. COEFF.
central pressure -0.42
deepening rate -0.74
absolute normalized
deepening rate 0.80
rapid deepener if its deepening rate met or exceeded
the threshold of 24 mb (24 h) -1. A more stringent
threshold was used in the Experiment on Rapidly
Intensifying Cyclones over the Atlantic (ERICA)
which was a deepening rate of 10 mb or greater in a
6 h period (Reed 1993).
Three measures of cyclone intensity or intensifi-
cation were correlated with several different param-
eters related to SSM/I observations of rain rate.
These measures were surface central pressure, sur-
face central pressure deepening rate, and absolute
normalized surface central pressure deepening rate.
The latter is defined as
DR
ANDR- THRES. (1)
10 mb sin(O)
THRES. = 6 h ' sin(60) (2)
where • is the latitude of the cyclone at the time of
the SSM/I overpass and DR is the surface central
pressure deepening rate.
The different computed parameters based on
SSM/I observations of rain rate for the correlations
were rain area, rain area where rain rate exceeds a
given threshold, rain volume (area of a given SSM/I
pixel multiplied by its rain rate), and rain volume
where rain rate exceeds a given threshold. Only
those pixels in the northern half of each cyclone were
used for the computations so that precipitation as-
sociated with the dynamics in the vicinity of the
storm center could be separated from precipitation
associated with cold frontal dynamics.
3 RESULTS
Correlations between SSM/I rain volume where
rain rate exceeds 7 mm h -1 and the three tested
measures of cyclone intensity or intensification are
shown in Table 1. Cyclone unnormalized deepen-
ing rate DR and absolute normalized deepening rate
ANDR give remarkably high correlation coefficients
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1: SSM/I-observed rain volume (for pixels
whose rain rate exceeds 7 mm h-l) plotted against
ANDR.
of-0.74 and 0.80, respectively, when related to
SSM/I observations of precipitation. The major dif-
ference between the two intensification parameters
is that ANDR takes into account the latitudinal de-
pendence of the Coriolis effect which makes it eas-
ier for cyclones to attain a large deepening rate the
closer its position to the poles.
Cyclone surface central pressure consistently gave
the poorest correlation to the tested SSM/I-based
rain rate parameters. This might be expected since a
cyclone can attain a low central pressure and remain
unexceptional in terms of its associated dynamical
forcing when a cyclone is advected into a region of
low "background" pressure (frequently observed in
the vicinity of Greenland).
The relationship between the ANDR parameter
and the total rain volume where rain rate exceeds
7 mm h -I for the 31 SSM/I overpasses is shown in
figure 1. This combination of cyclone intensification
and SSM/I precipitation parameters gave the best
correlation for the given storm sample. The solid
line represents the best fit line using least squares
regression. The upper dashed line is the threshold
for a period of deepening to be classified as rapid
or as marginal. The lower dashed line is the thresh-
old for a period of deepening to be categorized as
marginal or as ordinary. Eight cyclones have two
coincident SSM/I overpasses while fifteen cyclones
only have one coincident SSM/I overpass.
The storm sample is such that 6 periods of deep-
ening are categorized as rapid, 16 periods of deep-
ening are categorized as marginal and 9 periods are
classified as ordinary.
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For the 6 rapid data points, none has a thresh-
olded rain volume amount falling below 2 . l0 s mm
h-1 km 2. For those points categorized as ordinary,
none has a thresholded rain volume amount that ex-
ceeds 2 . 105 mm h -1 km 2. There are 8 points that
have a non-zero ANDR value, yet have zero rain
volume amounts. These points represent overpasses
where no SSM/I pixel retrieved a rain rate amount
of at least 7 mm h-1 in the northern half of the
cyclone.
An SSM/I-observed rain rate of 7 mm h -1 repre-
sents an intense precipitation event most likely as-
sociated with convection. The high correlation be-
tween rain volume for SSM/I pixels exceeding this
rain rate and ANDR seems to suggest that the
convective component of precipitation in a storm is
most directly related to the processes involved in its
intensification.
Of the 8 points having non-zero ANDR amounts
with zero rain volume, 5 fall into the marginal deep-
ening category. There are several possible explana-
tions for this apparent inconsistency with the above
conclusion. First, the ECMWF surface pressure
analyses have a time resolution of 12 h. It is possi-
ble that at the time of an SSM/I overpass a cyclone
may have been actually weakening rather than in-
tensifying as shown in the ECMWF analyses. Sec-
ond, it was stated above that no physical process is
by itself sufficient for cyclone intensification. The
5 marginal/zero rain volume cases may represent
cyclones where "dry" physics processes (vorticity
and/or temperature advections) are the dominant
factors in determining intensification. Finally, all
5 cases had a non-zero stable precipitation compo-
nent. In these cases it may be that latent heat re-
lease from the stable precipitation was enough to
increase intensification so that the period of deep-
ening was categorized as marginal.
4 FUTURE WORK
The significant issue needing resolution is whether
the latent heating associated with intense precipi-
tation processes is causing additional deepening of
cyclones pushing them to the "rapid" category or,
rather, the intense precipitation processes are the
result of vigorous secondary circulations caused by
a storm environment being significantly out of some
balanced state. The authors hope to use a RISC
workstation version of the Penn State Mesoscale
Model Version 4 (MM4) in conjunction with the
SSM/I imagery of the 31 overpasses to address this
question. Model output will also help to explain the
above noted inconsistency in the 5 cyclone periods
where there is marginal deepening and zero rain vol-
ume for pixels whose rain rate exceeds 7 mm h -1.
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